To evaluate translation of chest radiographic reports by using natural language processing and to compare the findings with those in the literature.
At least two independent groups have demonstrated that natural language processing can be as accurate as expert human coders for coding radiographic reports, as well as more accurate than simple text-based methods, such as searching for relevant phrases in the reports (9, 12, 13) . Demonstration of the use of natural language processing to code complex reports, such as admission notes and discharge summaries, is promising but preliminary (10, 11, (14) (15) (16) (17) (18) (19) . Investigators in one study demonstrated the effective use of natural language processing to improve clinical care by improving respiratory isolation for tuberculosis (20) . The potential of natural language processing to facilitate clinical research has been recognized (21, 22) and demonstrated in a stroke database of 471 patient records (23) . The purpose of our study was to evaluate translation with natural language processing of our 10-year database of chest radiographic reports and to compare our findings with those in the literature.
MATERIALS AND METHODS

Columbia-Presbyterian Medical
Center is an urban academic institution that has more than 50,000 inpatient admissions and 800,000 outpatient and emergency department visits per year. Since midMarch 1989, all dictated radiographic reports were transcribed by human transcriptionists or by speech recognition software and stored electronically in a central repository. We selected all electronic chest radiographic reports from 1989 to 1998, including examinations in which bedside equipment was used. Computed tomography (CT) and magnetic resonance (MR) imaging reports were excluded (to create a more homogeneous sample). The institutional review board approved the study, and data were deidentified for analysis; thus, informed consent was not required by our institutional review board.
An existing noncommercial natural language processor (MEDLEE) developed at Columbia University, New York, NY, and Queens College, City University of New York (8) , was used to code all the information in the radiographic reports. It converted the narrative text to a semantic structure populated with a controlled vocabulary. The vocabulary was built especially for natural language processing, by using a large set of reports as its basis (thus ensuring essentially full coverage of the intended target reports), and contains links to standardized vocabularies such as International Classification of Diseases, Ninth Revision, Clinical Modification, or ICD-9-CM, diagnostic coding. The present study assessed 24 clinical conditions, which were chosen either because the processor's accuracy had already been confirmed for them (10 conditions) (9, 12, 20) or because their frequency or co-occurrence was of interest. Both common (eg, atelectasis) and uncommon (eg, tuberculosis) conditions were included. The radiographic reports consisted of a clinical indication, a description of the findings, and an overall impression. Clinical indications represented information entered by the ordering physician, not by the radiologist. Suboptimal examinations were defined as those having inadequate patient positioning, poor aeration, inadequate collimation, or radiographic underexposure or overexposure. Examinations described as normal and as showing no active disease were lumped together for this analysis, but the natural language processor coded them separately.
Conditions were derived either from specific mention in a report ("possible pneumonia") or from other findings ("right lower lobe consolidation"). A computer-based query translated the detailed coding produced by the processor into a dichotomous answer (present or absent) plus an optional side of the body (right, left, or bilateral) for each condition. For example, the findings "pneumonia," "patchy opacity," "consolidation," "infiltrate," and so forth, indicated the possibility of acute bacterial pneumonia as long as the pneumonia certainty was not "no" or "very low certainty" and the pneumonia status was not "resolved." In some cases, the same finding was part of the differential diagnosis for more than one condition (eg, "upper lobe infiltrate" for tuberculosis and acute bacterial pneumonia); in these cases, both conditions were indicated as possible. The 24 queries were written by one of the authors (G.H.). It took an average of 4 hours to write and test each query and an average of ½ hour to apply it to the database. Writing a query required selecting terms from a vocabulary and optionally adding logic. Most of the 4 hours was actually spent manually reviewing a large sample of reports to verify and improve accuracy.
Because the accuracy of the processor had not been tested for many of the conditions, a coder was enlisted to verify the accuracy of the translation. The coder was a medical school graduate with medical informatics training (focused especially on coding issues). The definitions used for coding were based on advice from two experienced radiologists (J.H.M.A., P.O.A.) and an internist (G.H.). A reliability study was used to compare this coding with that of six radiologists and seven internists doing the coding themselves. The study verified that the coder was sufficiently reliable to create a reference standard for estimating metrics such as sensitivity and specificity (24) . The coder reviewed the text of 150 reports chosen randomly from 1995 and classified each condition as present or absent for each report. Using that classification as the reference standard, we estimated the accuracy of the natural language processor and the computer queries (the "system") and compared these findings with previous estimates of accuracy of the system.
The conditions were tallied for the full 10-year set of reports and for an "entry reports" subset. An entry report was defined as the first report available for a patient, reflecting the patient's first chest radiograph obtained at the medical center. The term signifies the patient's entry into the institution. Whereas the full set of reports emphasized inpatients and especially intensive care unit stays, the entry reports emphasized outpatient, emergency department, and admission examinations. Cooccurrence of conditions was determined for the full set and for the entry reports. Those conditions for which a side of the body was relevant were classified as right, left, bilateral, or indeterminate (not stated). Ratios of right to left lesions were calculated.
Four hypotheses, each chosen before the data were analyzed, served as external validation for the system. The first hypothesis was based on the work of Goldman et al (25) , who reported that lung cancer favors the right lung over the left by a 3:2 ratio. Although radiographic analysis does not prove a diagnosis of lung cancer, we selected as a surrogate marker reports with lung masses, excluding small nodules, illdefined opacities, and clearly metastatic or inflammatory lesions. We estimated the right-left ratio for lung mass in the full set of reports, and, to factor out any effect of patients with multiple reports, for each patient we selected only the first report that suggested a lung mass.
The second hypothesis was that pleural effusion would be associated with other conditions in a frequency commensurate with reports in the literature (26 -36) . We measured the frequency of pleural effusions in patients with congestive heart failure, lung mass, and opacity consistent with acute bacterial pneumonia, and we tallied the side of the body on which effusion occurred in congestive heart failure (a disease for which the distribution of pleural effusions is of clinical interest [37] ). For the latter analysis, one author (G.H.) manually reviewed 200 randomly chosen reports of congestive heart failure and pleural effusion (50 bilateral, 50 right, 50 left, and 50 indeterminate) to eliminate effusions due to other obvious causes.
The third hypothesis asserted that the frequency of bullet and stab wounds seen or assessed on radiographs should track the decade-long reduction in crime rate in U.S. cities (38) . The 10-year trend of bullet and stab wounds in chest radiographs (based on mention in the description or impression) was estimated by using a generalized linear model (binomial distribution and logit link function) (39) . The 10-year trends of violent crime, aggravated assault, and murder in New York City were estimated by using the 1989 to 1998 Uniform Crime Reporting statistics (38) , by using a generalized linear model (Poisson distribution and log link function). The trends (time coefficients in the models) were compared.
The fourth hypothesis asserted that the system's coding would be more accurate than the hospital's financial coding for conditions that are normally diagnosed at radiography. We selected pneumothorax for this analysis and used data from February 1997. We compared patients with a diagnosis made by using the system based on radiographs to patients identified by using the hospital's ICD-9-CM diagnostic coding. The latter coding was performed manually by coders who had access to the complete medical record, including all of the radiographic reports. One author (G.H.) reviewed all selected records and assigned patients to three categories: definite (definite radiographic evidence with clinical correlation), possible (uncertain pneumothorax noted on chest radiograph with no correlating clinical evidence), or no pneumothorax (no evidence to suggest pneumothorax).
Coding accuracy was quantified by calculating sensitivity, specificity, and area under the receiver operating characteristic (ROC) curve (A z ) (40) for each condition and then by averaging across conditions. The exact method of Stern (41) was used to calculate binomial confidence intervals throughout. Findings were compared with those in the literature.
RESULTS
There were 889,921 chest radiographic reports on 251,186 patients (mean, 3.5 reports per patient; median, one; maximum, 318). The system took approximately 5 days to code all the reports as a group (in practice, they are now coded soon after they are generated).
On the 150 manually coded reports, the system's average sensitivity was 0.81 (95% CI: 0.71, 0.87), average specificity was 0.99 (95% CI: 0.97, 0.99), and average ROC curve area was 0.95 (95% CI: 0.92, 0.97). These findings corresponded well with earlier results for that system (sensitivity, 0.81-0.86; specificity, 0.98; A z , 0.95-0.96; differences not significant) (9, 12) and were comparable to the results of previous reports of expert human coding (sensitivity, 0.85-0.87; specificity, 0.98; A z , 0.96; differences not significant) (9, 12, 13) . Tables 1-3 illustrate the content of the database. Table 1 shows the frequencies of conditions coded by the system. Conditions associated with intensive care and complications had high frequencies in the Clinical requests to rule out a condition were accompanied by that condition to varying degrees (Table 2 ). In entry reports, congestive heart failure occurred in 34% (1,030 of 3,068), pneumonia in 19% (4,538 of 24,446), and rib fracture in 12% (194 of 1,666) of reports of studies ordered to rule out the condition. Pneumothorax accompanied "rule out pneumothorax" in 19.3% (4,577 of 23,723) of all reports with the request and in 7.8% (212 of 2,718) of entry reports with the request (not shown in Table 2 because other conditions were more frequent). Pneumonia and congestive heart failure most often accompanied shortness of breath for entry reports. In general, clinical indications were most often associated with abnormal conditions in the full set of reports but with normal examinations in the subset of entry reports.
The body side of the lesion varied among the assessed conditions: Atelectasis and pleural effusion tended to be left sided, whereas bullet and stab wounds, neoplastic processes, pneumothorax, and tuberculosis tended to be right sided (Table 3). For conditions such as central venous catheter placement, location is ambiguous: a "right central" catheter could enter the body on the right side or it could enter the right side of the heart. For conditions such as redistribution of pulmonary blood flow in congestive heart failure, a body side is not usually specified, so most of the 95% of indeterminate cases were presumably bilateral. The data supported the observation of Goldman et al (25) of a 3:2 right-left ratio for lung cancer. The ratio of right to left lung masses was 1.53 (95% CI: 1.46, 1.61), based on 4,456 right lung mass reports and 2,904 left lung mass reports ( Table 3 ). The right-left ratio for the first occurrence of a lung mass was 1.49 (95% CI: 1.40, 1.58), based on 2,303 right lung mass and 1,547 left lung mass reports. Goldman et al (25) found a 1.45 ratio (95% CI: 1.31, 1.62) based on word counts in a database of thoracic radiology reports for patients with lung cancer and a 1.47 ratio (95% CI: 1.34, 1.61) based on a review of published lung cancer series.
The frequency of pleural effusion in congestive heart failure, lung cancer, and bacterial pneumonia is shown in Table 4 . The system agreed well with the literature in all three conditions (26 -30 The proportion of patients with bullet or stab wounds decreased 46% (this and related estimates were derived from the generalized linear model coefficients) from 1989 to 1998. In this period, violent crime and aggravated assault in New York City decreased 52% and 41%, respectively (not significantly different from the bullet and stab wound trend), and murder rate decreased 67% (greater than the bullet and stab trend, P Ͻ .001) (38) . The decrease in observed injuries is therefore consistent with decreases in crimes that led to these injuries, although not as great as the decreased murder rate.
The system appeared to be more accurate than financial discharge coding for pneumothorax. In February 1997, 2,897 patients were admitted, and 1,340 (46%) of them had at least one chest radiograph. Financial discharge coding reported 11 definite cases of pneumothorax, and one false-positive case ("s/p PTX" was mistakenly coded as pneumothorax instead of parathyroidectomy). The system reported 83 cases: the 11 definite cases marked by financial discharge coding, 55 other definite cases, 16 cases of possible pneumothorax, and one falsepositive case (a radiologist's suggestion of repeat examination to rule out pneumothorax was erroneously interpreted as possible pneumothorax). By considering only definite cases of pneumothorax, the system had a sensitivity of 1.00 (66 of 66) and a specificity of 0.9996 (2,814 of 2,815), and financial discharge coding had a sensitivity of 0.17 (11 of 66) and a specificity of 0.9996 (2,814 of 2,815). Even after cases of small or moderate pneumothorax after invasive chest procedures were eliminated, financial discharge coding had a sensitivity of only 0.35 (six of 17). Financial discharge coding even missed one of the two cases of spontaneous pneumothorax. Therefore, the system was significantly more sensitive than financial discharge coding (P ϭ .002), although the specificity of the two methods did not differ.
DISCUSSION
Natural language processing can create huge and clinically rich databases from narrative radiographic reports. This automated system permits the tallying of both common and rare lesions and cooccurrences. Our data support the assertion that the coding is consistent with experience and is potentially useful. The lung mass and pleural effusion data, for example, corresponded well with the literature, and the bullet and stab wound data corresponded well with external crime data (38) . The pneumothorax data proved more accurate than manual financial discharge coding. The latter result probably stems from the constraints of financial coding: One can code only a limited number of diagnoses, and the goal is to maximize payment, not to achieve perfect clinical accuracy. For example, a small postoperative pneumothorax might not normally require coding. Nevertheless, the result demonstrates that automated coding of clinical reports is a better source of information than manual financial discharge coding for answering clinical questions, at least for some conditions. This result is important, given the widespread use of manual financial discharge coding to support clinical research (2), especially for screening.
The predominant use for this database at our institution has been clinical research. It has been used to screen patients for enrollment in studies. For example, we found 30,136 reports with pneumothorax for 8,790 patients; these reports and the associated medical records will be further screened for a study on spontaneous pneumothorax. In another study, we found that 14,597 radiographic reports on 8,398 patients demonstrated a lung mass. An assessment of the intrapulmonary distribution of those masses is in progress.
The database does have limitations. Neither natural language processing nor the reports themselves are perfect. The radiograph must capture the patient's state, the radiologist who reads the image must recognize that state, and the radiologist's intention must be transcribed accurately by the typist or recording system and then must be understood by the person who reads the report (despite, for example, variations in clinicians' vocabularies). Even if the radiograph, the radiographic report, and the natural language processor were perfect, the drawing of clinical conclusions only on the basis of radiographic findings would still lead to uncertainty. Databases produced in this way may therefore not achieve the accuracy and completeness possible with a manually collected and verified clinical registry and cannot be expected to replace rigorous clinical trials. Nevertheless, the size and clinical detail of the database support queries that would not be feasible without it: There are too many reports for manual review, and the financial discharge coding has not proved reliable (2, 3) . Furthermore, the database is not limited to the current study's 24 conditions. The authors chose those conditions as representative of common or important clinical entities. In fact, the natural language processor generated over 4,000 different conditions and findings for the 889,921 reports. The combination of screening through automated coding and selected intensive manual review is a powerful tool that exploits the automated system's ability to handle high volume and a person's ability to make complex judgments.
Although this study did not address the ability to use the natural language processor at multiple institutions, another study did address it (12) . The processor was in fact transferable to another institution, although the clinical queries that interpreted the processor output did benefit from some modification.
Alternatives to natural language processing have been assessed. In some cases, a simple text-based search engine can detect relevant reports in a large database (25, 42) . Nevertheless, it has been demonstrated that natural language processing can achieve higher accuracy than such search engines (9, 12, 13) . Most of the difference was attributable to reduced specificity, since the search engine selected many reports in which a condition was actually being denied (eg, "no evidence to suggest pneumonia or pneumothorax").
Chest radiographic reports are fairly simple, but the system has also been tested on more complex narrative reports such as CT and MR imaging of the head (23) . All reports generated by the radiology department at the medical center are currently coded by means of natural language processing. The full potential of natural language processing will not be realized until it can be extended to very complex narrative reports such as admission notes and discharge summaries (4) . Although preliminary work (10,11,14 -19) shows promise, further research is needed and accuracy must be confirmed with studies similar to those that have been done for radiographic reports.
In its current form, natural language processing can put millions of clinical reports at the fingertips of researchers and clinicians. The reports can now be coded about as accurately as if a coder had gone through each one by hand. The queries that are needed to convert the radiographic findings to clinically accurate answers do require knowledge of the coding and of medicine, as well as several hours of effort. Once queries are written for one study, however, they can often be reused for similar studies, with minimal effort.
In conclusion, we used natural language processing to create a database of 889,921 chest radiographic reports on 251,186 patients. The accuracy of the database's coding was comparable to that of manual coding and superior to the accuracy of financial discharge coding for pneumothorax. The frequencies and cooccurrences of several clinical conditions identified with natural language processing matched those previously reported in the literature. Natural language processing can produce huge databases of coded clinical information and offers the potential to become an important tool for clinical research.
